Abstract Three data sources (physico-chemistry, bio-monitoring and eco-toxicology) are currently used in South Africa to establish environmental water quality conditions. Environmental water quality in turn is key information required for the "ecological reserve determination" of river reaches. Bio-monitoring in South Africa has been limited in recent times mostly to the use of the SASS procedure which relies on invertebrates only. This paper describes the re-introduction of a diatom-based water quality assessment as an added-value bio-monitoring tool. A specific example is discussed citing the response of diatom assemblages to diffuse pollution from acid mine drainage and how effective diatoms are as indicators of ecological integrity and river recovery measured downstream of the area of impact. The advantages of applying this bio-monitoring technique over other biological measures are presented in the context of technological advances in rapid image processing, species identification and software applications of diatom-based water quality indices. The valuable records of the diatom assemblages of the past, held in the South African Diatom Collection at the CSIR (KwaZulu-Natal), can now be accessed and interpreted as historical environmental water quality reference points for several rivers in South Africa.
Introduction
Some of the earliest studies benchmarking the impact of drainage from coal mines on biota and river chemistry in KwaZulu-Natal were undertaken by Kemp (1962 Kemp ( , 1967 , and Oliff (1963) in the upper reaches of the Thukela River. These investigations were confined to the study of invertebrates and/or water chemistry of river systems draining the active coal mining operations around the towns of Newcastle, Glencoe and Dundee in the north-west of the province. Cholnoky (1960) produced the first ad hoc diatom records from various northern KwaZulu-Natal rivers affected by drainage from coal mines.
Acidic drainage water generated by coal mining activities is derived from underground oxidation of pyrites (iron sulphide contained in the coal and associated strata) to ferrous and ferric sulphate (Kemp, 1967) . The formation of such acidic conditions can be a natural process but mining activities also accelerate the process by disturbing mineral matter. Kemp (1962) estimated that if the rate of coal output was maintained in these catchments, the pollution of rivers in Northern Natal would double by the year 2000. Perpetuation of these conditions was expected to seriously threaten the ecological quality and biological integrity of small streams rendering them unfit for various uses.
Over 30 years have elapsed since the completion of a province-wide investigation of rivers in Northern Natal and Zululand when many coal mines were still in full operation (Archibald et al., 1970) . However these investigations essentially only covered the bacteriology and water chemistry of the principal rivers of the north-western parts of the province.
Deterioration of the water quality was already evident in some localities and this was ascribed to organic pollution and mineralisation from drainage out of coal mines in the headwaters of the Mkuze and Mfolozi rivers. Both these rivers drain into Lake St Lucia, a world heritage site.
Several coal mining operations in north-western KwaZulu-Natal have ceased to operate because of unfavourable economic conditions but the flow of acidic drainage from these mines did not necessarily stop (Kemp, 1962) . Environmental management plans are now required by the Department of Minerals and Energy as part of a proper decommissioning process.
Monitoring aquatic resources forms the basis of constructing and implementing successful management plans for river systems. Using aquatic organisms to indicate water quality and habitat integrity has certain advantages over simply monitoring the chemical and physical components of an ecosystem. Aquatic organisms provide a reflection of integrated water chemistry over time as well as providing an indication of the impact of various pollutants on the riverine biota i.e. not just the concentration of an effluent, but its actual ecological impact on the environment.
The unicellular, mostly autotrophic micro-algae known as diatoms are gaining considerable popularity as bio-indicator organisms in many countries around the world (Prygiel et al., 1999) . Over the last 25 years the environmental tolerances of a large number of diatom species have been documented and these inferred tolerances have been used to construct numerical diatom-based water quality indices (Descy, 1979) . These indices have proved especially useful for monitoring habitats such as canals where other bio-indicator organisms are not to be found. The use of these water quality indices has been facilitated by the development of software known as "Omnidia" (Lecointe et al., 1993) for both the calculation of diatom indices and archiving diatom sample information and species counts. Recent application of diatom-based water quality indices and the advantages of using these organisms for bio-monitoring in South Africa have been described by Harding et al. (2005) , Taylor (2004) , De la Rey et al. (2004) and Taylor et al. (2005) .
In practice, use of diatom indices involves making a list of the taxa present in a sample, along with a measure of their abundance. The index is expressed as the mean of the optima of the taxa in the sample, weighted by the abundance of each taxon. The indicator value acts to further increase the influence of certain species (Kelly, 1998) . Most of the water quality indices supported by Omnidia require species level input information. Accurate identification to species level is therefore a pre-requisite for application of the software. Harding et al. (2005) discuss the indices and interpretation tools in greater detail.
Study area
This brief investigation was carried out in 1998 to determine the impacts on stream integrity of a long-term persistent flow of diffuse pollution from acid mine drainage. Four distinct sampling sites were located on the upper Tshoba river which receives acid drainage runoff from a defunct coal dumpsite near Hlobane (latitude 278 44.28'S, longitude 30858.20 0 E, some 10 km to the west of the town of Vryheid). It is a small tributary at the headwaters of the Black Mfolozi river which ultimately discharges into the St Lucia estuary. Since there are also several other coal mines (operational and defunct) in the upper Mfolozi catchment, it is of ecological interest and of management importance to determine whether self-purification from long-term acid mine drainage can be detected using these biological methods.
Site 1. This site was located at the headwaters of the Tshoba stream, some 300 m below the diffuse surface drainage from a large coal dump site. The shallow, discernible stream channel was about 5 -10 m wide. Sample 1a was taken from the sandy substrate of the acid drainage channel upstream of the confluence with the natural headwater stream. Sample 1b was taken from the sandy substrate of the natural stream draining the nearnatural well grassed hillside opposite the mine.
Site 2. This site was located below the confluence of inflows from 1a and 1b where visible mixing of both streams had occurred some 50-100 m downstream but the integrity of distinct channels was still visible. Sample 2c was taken from the sandy substrate on the left bank of the main stream; Sample 2d was taken in the partially mixed middle of the stream and Sample 2e was taken from the sandy substrate of the alkaline channel on the right bank of the main stream.
Site 3. This site was about 3 km downstream and beneath the bridge on the main road to Louwsburg, to the west of Vryheid. Sample 3 was taken in clear water flowing over the sandy substrate along the margins of the stream.
Site 4. The site was about 8 -10 km downstream of the mine dump, beneath a bridge on a district road. Clear water flowed over a sandy substrate between small rocks.
Materials and methods
Physico-chemical variables. Environmental water quality characteristics were determined for several key constituents which are typically used to characterize physicochemical conditions in a river. Conventional analytical techniques (APHA, 1971) were followed by the accredited CSIR laboratory using automated instrumentation in the determination of pH, conductivity, suspended solids, turbidity, dissolved oxygen (Winkler), nitrates, ammonia, soluble phosphorus and a range of cations and anions (Tables 1-3) .
Bio-monitoring protocols. Since there were no rocks at the upper sites, diatoms were sampled from the sandy substrate at all sites using a perspex corer (21 mm in diameter). Several 1 cm deep surface cores were removed and stored in a cooler box for immediate extraction of the living component on return to the laboratory within a day after completion of the fieldwork. Laboratory extraction of living diatoms was accomplished by "floating" coverslips on the damp sediments of each sample (Round, 1991 (Round, , 1993 and allowing the living cells to attach to the coverslips. Material from these coverslips was subjected to acid treatment in the manner recommended by Welsh (1964) . The acid-cleaned diatom material was mounted on permanent slides for observation and counting under oil immersion with an Olympus BX51 light microscope at 1000 £ magnification. In this study the diatoms were identified primarily using the international reference works of Krammer and LangeBertalot (1986-1991) , those of Hustedt (1930 Hustedt ( -1961 and the local reference works of Schoeman and Archibald (1976) .
The diatom index scores for the Tshoba river were derived from diatom community analysis data which was then processed using Omnidia. The indices used here are known as the specific pollution sensitivity index (SPI) (Coste in CEMAGREF, 1982) , Schiefele and Schreiner's index (SHE) (Schiefele and Schreiner, 1991) , the Watanabe index (WAT) (Watanabe, 1986; 1990) , the generic diatom index (GDI) (Coste and Ayphassorho, 1991 ) and the biological diatom index (BDI) (Lenoir and Coste, 1996) .
Results and discussion Environmental water quality -variation with distance downstream
Water quality in the headwaters of the Tshoba stream at Site 1 was markedly different in Samples 1a and 1b, the respective feeder channels to the main stream. The drainage from the mine dump was typically very acidic (pH as low as 2.6) and was also contaminated with high concentrations of dissolved salts, in particular sulphate (Tables 1-3) giving elevated TDS and conductivity values due mainly to high calcium, magnesium, sulphate and chloride concentrations. In contrast, the water sampled from the natural stream (Sample 1b) was typically alkaline (pH of 7.6) with the concentrations of most salts, except sodium and potassium lower than that of the acid drain. The water quality characteristics were taken as the 'reference condition' for comparison with downstream conditions. Nitrates, ammonia and soluble phosphorus concentrations of Sample 1b water were all higher than the acid drainage water of Sample 1a.
A subset of three samples (Samples 2c, 2d and 2e) was taken across the channel (left bank, mid-stream, right bank) at Site 2, some 50-100 m downstream of the confluence. The configuration of the shallow stream (5 cm depth) at this point and the discoloration of the stream bed indicated that proper mixing had not occurred even though the main channel was only 15 -20 m wide. Concentrations of chemical constituents of the left channel were consistent with the acid drainage conditions of Sample 1a and constituents of the right channel were consistent with conditions of Sample 1b in the natural stream (Tables 1-3) . The water quality at Site 3 showed marked improvement in water quality in terms of reduced concentrations of chemical constituents. The pH value reverted to alkaline conditions and nutrient concentrations were reduced. Concentrations of cations and anions were also much reduced giving lower conductivity and TDS values. Site 4 was furthest from the mine dump where dilution from small side streams had also occurred. Concentrations of cations and anions were lower than those recorded in Sample 1b the reference sample (Table 1 ). The lower nutrient concentrations and the alkaline status of the water are features consistent with the improved conditions measured upstream at Site 3. This Tshoba river survey was made during the summer wet season of 1998 and the steady flows in the river below the mine dump contributed to the rapid recovery in water quality of the river at Sites 3 and 4 before the confluence with the Mfolozi river. Some 30 years ago Archibald et al. (1970) also reported similar findings from their Site X12 (Tshoba stream) upstream of the confluence with the Mfolozi (Table 1) .
Diatom community analysis
Analyses of the diatom associations are given in Tables 4-6. Site 1. Sample 1a: Two dominant species showed tolerance of the harsh acidic conditions and made up almost 100% of the total count. The dominance of the acidophilic species Nitzschia paleaeformis Hustedt (85.6%) and to a lesser extent Stauroneis kriegerii Patrick (14.4%) was almost complete in this association (Table 4) . The former has been recorded from sulphuric acid ponds associated with coal mining operations while the latter has a preference for neutral water (Krammer and Lange-Bertalot, 1988 ). Sample 1b: Five dominants made up a total of 81.1% of the 17 recorded species. The species diversity and % composition of several co-dominants (Brachysira vitrea (Grun.) Ross in Hartley 25.2%; Achnanthidium minutissimum (Kütz.) Czarnecki 19.2%; Encyonopsis cesatii (Rabenhorst) Krammer 17.7%; Nitzschia nana Grun. in van Heurk 9.6%; Craticula buderi (Hustedt) Lange-Bertalot 9.4% indicate 'normal' concentrations of organically bound nitrogen, well-oxygenated conditions and the circum-neutral pH of a natural stream. This association was regarded as a baseline or reference community characteristic of the water quality in the upper subcatchment of the study area.
Site 2. Examination of the respective diatom associations extracted from Samples 2c, 2d, and 2e confirmed that the 'integrity' of the channel flow from Sites 1a and 1b was maintained. Markedly different diatom associations developed across the stream having a (99) 5 (81) 2 (99) 6 (95) 7 (73) 3 (58) 2 (58) width of no more than 15 m. Distinctly acidophilous diatom components still dominated on the left bank with a gradient through an intermediate midstream association to an alkalophilous diatom composition in the right channel of 'reference-quality water' (Table 4) . Sample 2c: Two dominants made up 99.0% of the population count. The diatom species association was identical to that found in Sample 1a -the acidic feeder stream from the coal mine drainage. Nitzschia paleaeformis (88.0%) and Stauroneis kriegerii (11.6%) remained the dominant tolerant species (Table 4) . Sample 2d: six dominants out of nine species made up 95% of the population count. The dominance of the acidophilous species (Nitzschia paleaformis -40.0%) was reduced at the midstream site by the appearance of several other diatoms. There was a measurable shift towards a greater percentage of Stauroneis kriegerii (30.0%) which favours circum-neutral waters. Species composition changes indicated that some mixing and dilution had occurred in midstream between the left and right channels (Table 4 ). The reduction of the acidophilous species and the concomitant increase in diversity and abundance of four other diatoms is the first indication that dilution by the natural stream has an ameliorating affect on the acid drainage within 50-100 m of the confluence. More species (9) were able to tolerate the 'mixed conditions' downstream. Sample 2e: seven dominants out of 21 species made up 73% of the population count. The species composition of the diatoms taken from the sample at the right hand side of the main stream is consistent high quality 13 -17 good quality 9-13 moderate quality 5-9 poor quality ,5 bad quality Table 6 Correlation matrix of water quality variables (from Tables 1 and 2 ) and diatom index scores (from Table 5 with that of the alkaline conditions recorded at Site 1b upstream of the confluence with the acid mine drainage. There was a marked reduction in the species tolerant of acidic conditions (i.e. Nitzschia paleaformis reduced to 4.1% and Stauroneis kriegerii to 5.7%). The dominance was spread to a greater diversity consistent with the upstream more alkaline reference condition (Achnanthidium minutissimum 14.6%; Brachysira vitrea 18.5% and Nitzschia nana 16.8%).
Site 3. Three dominants out of 32 species made up 58% of the total count. Higher species diversity was recorded in the count giving a broader distribution in the relative abundance of the diatom species such as Nitzschia linearis (Agardh) W.M. Smith (38.3%), Caloneis molaris (Grun.) Krammer (10.1%) and Nitzschia denticula Grun. (9.9%). N. linearis favours circum-neutral water, rich in oxygen and with moderate conductivity values. (Krammer and Lange-Bertalot, 1988) (Table 4) .
Site 4. Two dominants out of 20 species made up 58.0% of total count and the diatom assemblage also showed a higher species diversity with the dominants being Achnanthidium minutissimum (50.0%) and Gomphonema parvulum Kütz. (7.6%). The former species is indicative of good water quality characterized by well-oxygenated conditions (Table 4) .
Application of diatom-based water quality indices
Stream conditions have been described by drawing inferences from the known tolerances of diatom species to water quality variables. However diatom index scores generated from diatom species abundance data (Table 4) are also presented in Table 5 . The diatom index scores are in agreement with the descriptive assessment of the streams. The index scores (especially BDI) indicate the extreme degradation of the acid stream, the different water quality across the width of the receiving stream as well as the gradual recovery of the receiving stream as distance increases downstream from the site of impact. Trends in diatom index scores were compared to trends in index scores using a standard Pearson correlation matrix (Table 6 ). Although the sample size was small (n ¼ 7) significant correlations were found for most indices between pH, total soluble phosphorous and chloride, indicating that these variables had the most impact on the structure of the diatom communities. The correlation between pH and the diatom index scores is especially significant as hydrogen ion concentration is a very important water quality variable at sites impacted by acid mine drainage and a major determinant of the structure of diatom communities (Cholnoky, 1968) .
Conclusions
Analysis of the diatom assemblages has clearly shown that the diatom-based water quality assessment technique is a valid and accurate bio-monitoring tool that can be used with confidence in delineating the impacted reaches of a river.
The diatom procedure can also detect the recovery of a river from diffuse pollution, such as that generated over time from acid-mine drainage. The findings described in this paper demonstrate the ecological and management value of using biological assemblages from a different trophic level i.e. autotrophic organisms reliant on dissolved plant nutrients at the base of the foodweb. Diatom communities, in particular, are useful for river health assessment because they respond directly to physical and chemical constituents of the water.
It was possible to demonstrate that the diatom communities responded to changing water quality brought about by acid mine drainage. There were distinct acid-tolerant assemblages in the mine drainage stream versus the alkaline water assemblages.
The findings support the need for the re-introduction in South Africa of diatoms as key biological indicators for the assessment of river health under varying conditions of water quality. The procedure is supportive of the imperatives and requirements of the National Water Act (Act 36 of 1998) which now promotes 'river health' assessments in terms of environmental water quality and in-situ bio-monitoring (Palmer et al., 2002 (Palmer et al., , 2003 .
Accurate ecological inferences can be drawn from analysis of diatom communities and a knowledge of species tolerance for a specific quality of water. The procedure demands accurate taxonomic identifications. Both taxonomical (e.g. Prygiel and Coste, 2000) and analysis software programs (e.g. Omnidia) have now lessened previously perceived constraints and deficiencies of the past relating to time-consuming taxonomic procedures.
